The increased use of the nanoparticles (NPs) on several processes is notorious. In contrast the ecotoxicological effects of NPs have been scarcely studied. The main current researches are related to the oxide metallic NPs. In the present work, fifty-six bacterial strains were isolated from soil, comprising 17 different OTUs distributed into 3 classes: Bacilli (36 strains), Flavobacteria (2 strains), and Gammaproteobacteria (18 strains). Copper oxide nanoparticles (CuONPs) were synthesized using a process of chemical precipitation. The obtained CuONPs have a spherical shape and primary size less than 17 nm. Twenty-one strains were used to evaluate the cytotoxicity of CuONPs and 11 of these strains showed high sensibility. Among those 11 strains, 4 (Brevibacillus laterosporus strain CSS8, Chryseobacterium indoltheticum strain CSA28, and Pantoea ananatis strains CSA34 and CSA35) were selected to determine the kind of damage produced. The CuONPs toxic effect was observed at expositions over 25 mg⋅L −1 and the damage to cell membrane above 160 mg⋅L −1 . The electron microscopy showed the formation of cavities, holes, membrane degradation, blebs, cellular collapse, and lysis. These toxic effects may probably be due to the ions interaction, the oxide-reduction reactions, and the generation of reactive species.
Introduction
The use of nanoparticles (NPs) has largely increased in the last years, the expected projection for the engineered nanomaterials production reaching more than 58,000 tons for 2012-2020 [1] . The waste generated by the NPs industry has been demonstrated to affect directly the environment, mainly soil ecosystems, followed by water and air ones [2] [3] [4] [5] [6] . Besides, it was found that NPs contamination might result in additive, synergistic, or antagonistic toxicity [7, 8] affecting the entire food chain. nanoparticles (CuNPs) showed more inhibitory activity on bacterial than on fungal strains [11] . Furthermore, there are reports that the increased copper (Cu) concentrations affect the soil microorganisms modifying their number, biomass, activity, and diversity [12] [13] [14] [15] , while the bactericidal effect of copper oxide nanoparticles (CuONPs) has just been reported for type strains [11, [16] [17] [18] [19] [20] . Moreover, Kim et al. (2007) [21] found that the biocide efficiency of silver nanoparticles (AgNPs) over microorganisms depends on cell wall composition, while Niazi and Gu [22] show that cell damage, such as membrane disorganization, generation of reactive oxygen species (ROS), and DNA damages, can be influenced by the surface area and composition of NPs. Nevertheless despite the importance of soil bacterial communities on homeostasis of geochemical cycles, and the intensive use of the NPs, only few studies have been performed to elucidate the impact of NPs on soil bacterial communities [6, [22] [23] [24] [25] . The protection of soil microbial biomass and diversity is one of the major challenges for the future years, especially because they play an important role on soil usage and maintenance. The sustainable use of these resources may not be guaranteed if the nutrient cycles change their proper functioning [26, 27] . It is thus urgent to obtain information on how NPs could affect bacterial communities in order to mitigate their environmental impact. The aim of this work was to determine the mechanisms involved in the CuONP interaction with native bacterial strains. First, we isolated wild bacterial strains from agricultural soil, which were characterized by 16S rRNA gene sequencing. Then, CuONPs/bacterial cells interactions were examined using four of these bacterial strains, which were selected by their importance in the soil biogeochemical cycles and also by their sensibility to CuONPs on exposition tests.
Materials and Methods

Sampling Site.
In this work soil samples were collected from a pecan agricultural soil at Delicias city, Chihuahua state, México (Figure 1 ), in July 2012. The superficial litterfall was removed and 12 subsamples (maximum 10 cm depth) were obtained being 20 m far from each other. Afterwards they were mixed into a single composite sample, sieved (>2 mm), and immediately conserved at 4 ∘ C until use.
Physicochemical Characterization of Soil Sample.
The soil characterization was performed in the Department of Agrotechnological Sciences of the Chihuahua University (FACIATEC). The soil texture presented sand 71%, silt 13%, and clay 16%. Other characteristics are summarized in Table 1 . The crystallinity of the soil was further characterized by X-ray diffractometer (XRD, MDP Phillips X pert PRO).
The data was analyzed with HighScore software. The samples for morphology and soil structure analyses were prepared according to Maldonado et al. [28] , which were done using a Jeol JSM 7401F field emission scanning electron microscope (SEM) while the elemental analysis was performed by energy dispersive X-ray (EDX, Oxford Inca PentaFETX3) coupled to SEM (see more details below).
Microbiological Characterization.
The microbial characterization was first performed with culture dependent techniques to determine the bacterial abundance, by using colony forming unit (CFU) counts and most probable number [31] , were used.
The total microbial activity was determined through fluorescein diacetate (FDA) hydrolysis [33] . The metabolic activity of soil community was assessed by Biolog Ecoplates (Biolog, Inc., Hayward, CA, USA) [34] , which will be described below.
DNA Extraction and Phylogenetic Analysis of Isolates.
Total genomic DNA extraction from each of the 56 isolated bacteria was performed using the Wizard Genomic DNA Purification Kit (Promega Corporation). Bacterial 16S rRNA gene was PCR-amplified using the 8F (AGAGTTTGATCC-TGGCTAG) [35] and 1489R (TACCTTGTTACGACT-TCA) [36] primers. The reaction was cycled with an initial denaturation step (95 ∘ C for 5 min) followed by 35 cycles of denaturation step (95 ∘ C for 45 s), annealing (52 ∘ C for 45 s), elongation (72 ∘ C for 1 min), and then a final elongation step (72 ∘ C for 10 min). The PCR products were purified with Illustra GFX PCR DNA and Gel Band Purification Kit (GE Healthcare). The sequencing was carried out by Research and Advanced Studies Center of the National Polytechnic Institute (CINVESTAV-Irapuato, México). Sequence data were analyzed with BioEdit program and compared with the online database NCBI (http: //blast.ncbi.nlm.nih.gov/Blast.cgi). MAFFT software (multiple sequence alignment based on fast Fourier transform) was used for the alignment of sequences. The phylogenetic tree was constructed with Molecular Evolutionary Genetics Analysis v5.2 program [37] using the Jukes-Cantor model and the neighbour-joining algorithm. The significance of branching order was determined using bootstrap analysis with 1000 resampling data sets.
Synthesis and Characterization of CuONPs.
The synthesis of CuONPs was prepared according to Lanje et al. [38] . The size and morphology of nanoparticles were analyzed using SEM (Jeol JSM 7401F) and field emission transmission electron microscopy (TEM). A suspension of the nanoparticles in ethanol (1 mL) was sonicated for 15 min. 300 L of this solution was placed onto an aluminum support and then analyzed for SEM operated at 5.0 kV. TEM samples were prepared by putting one drop of the suspension onto nickel grids and the organic residues were cleaned using plasma (5 min) and finally were observed. The nanoparticles crystallinity was characterized by XRD. The data was again analyzed with HighScore software. The absorption spectrum of the colloidal solution was determined on Perkin Elmer UVvisible spectrophotometer.
2.6. Antibacterial Activity. The bactericidal effect of CuONP was analyzed against 21 representative bacterial isolates. The nanoparticles were dispersed in presterilized tridistilled water by sonication. Cells were grown and adjusted to OD 620 nm = 0.1. Fresh axenic cultures were inoculated in 96-well plates (final volume 200 L), containing liquid culture medium, supplemented with various concentrations of CuONP (0-100 mgL −1 ). After incubation (12-18 h at 37 ∘ C) the bacterial growth was put in evidence according to the color developed using resazurin as indicator. The shift from blue to pink indicates the bacterial growth [39] .
Carbon Source Utilization by the Four Bacterial Isolates.
Bacterial carbon utilization fingerprints were generated using Biolog EcoPlates. These 96-well microplates contain three replicate wells of 31 carbon substrates: 6 amino acids, 10 carbohydrates, 7 carboxylic acids, 2 amines, 2 phenolic compounds, and 4 polymers. Each well also contains the redox dye tetrazolium violet, which turns from colorless to purple in the presence of respiration. The four isolated bacterial strains were isolated and selected from the 21 submitted to the toxicity test (above) according to their sensibility to NPs exposition. The CSS8, CSA28, CSA34, and CSA35 strains were grown in LB broth at 37 ∘ C for 12-18 h in a shaker incubator at 200 rpm. The bacterial suspension was centrifuged at 10,000 rpm for 10 min. and resuspended in 15 mL of sterile 0.85% NaCl solution. The bacterial suspension was then adjusted to OD 590 nm = 0.25. A 150 L aliquot was inoculated into each well of the microplates. Plates were incubated at 27 ∘ C, for 24 h and 72 h.
Bacterial Cells Exposition to Nanoparticles.
The strains CSS8, CSA28, CSA34, and CSA35 were cultured on LB broth at 37 ∘ C for 12-18 h in a shaker incubator at 200 rpm. The bacterial cells were recovered by centrifugation at 10,000 rpm for 10 min and then resuspended in NaH 2 PO 4 buffer solution (25 mM, pH 7.4). The absorbance of the bacterial suspension was measured by a spectrophotometer and adjusted to OD 620 nm = 0.1. The isolates were treated with various concentrations (0-160 mg⋅L −1 ) of CuONPs in NaH 2 PO 4 buffer solution (25 mM, pH 7.4) and incubated at 37 ∘ C with shaking at 200 rpm. After 0.5, 1, 3, 8, and 24 h, subsamples were taken and observed on scanning electron microscopy. At the end of experiments (24 h incubation) the ROS was determined (see below). All assays were performed in triplicate in Erlenmeyer flasks with a total volume of 50 mL.
Biological Sample Preparation for SEM.
The culture samples exposed to NPs and controls (not exposed) were analyzed by SEM. The samples preparation method was previously described by Maldonado et al. [28] . Briefly, subsample cultures were fixed in 3% glutaraldehyde Milloning buffer phosphate (pH 7.3) for 4 h and washed two times in the same buffer. Afterwards, they were filtered on polycarbonate membrane (pore diameter 0.22 m), fixed, and dehydrated increasing successively the ethanol concentration. All samples were mounted on metal stubs and coated with gold (Denton Vacuum Desk II). A Jeol JSM 7401F microscope was used to generate the images. The energy dispersive X-ray (EDX, Oxford Inca PentaFETX3) coupled to SEM was used for the elementary analysis.
Determination of Reactive Oxygen Species (ROS).
Stock solutions of 10 M 2 ,7 -dichlorodihydrofluorescein diacetate (DCFH-DA) and 2 ,7 -dichlorodihydrofluorescein (DCFH) were prepared according to Luna-Velasco et al. [40] . A 2 mL subsample of the assay described above for bacterial cell exposition to nanoparticles was used for ROS test. Culture samples without exposure to NPs were used as controls. The bacterial cells of the subsample were recovered by centrifugation at 10,000 rpm for 5 min and then resuspended in NaH 2 PO 4 buffer solution (25 mM, pH 7.4). Aliquots of 135 L were inoculated in black 96-well plates, with 15 L of 10 M DCF-DA. The black 96-well plates were incubated in darkness for 30 min.; finally the fluorescence was measured at an excitation of 485 nm and emission wavelength of 535 nm.
Results and Discussion
Chemical and Microbiological Characterization of Soil.
The soil pH was close to neutral with high salt concentrations ( Table 1) . The crystal composition, analyzed by XRD, showed the presence of feldspars such as sanidine, Bytownite, and anorthoclase, as well as silicates such as silicon oxide and muscovite (Figure 2(a) ).
The soil structure and morphology were observed by SEM micrograph; the texture was rough, forming flakes, and porous ( Figure 2(b) ). The chemical EDX analysis showed the presence of complementary elements such as Al, Si, O, and H, which form part of the components of feldspar (Figure 2(c) ). The physicochemical characterization of the soil showed contradictory results: a low content of organic matter and salts, indicating that soil is poor, but a high cationic interchange capacity (CIC), suggesting a fertile soil.
The activity of the bacterial soil community was inferred from a shift of color media after an incubation time using Biolog EcoPlates test, showing the degradation of 22/31 carbon sources tested (Table 2) . Additionally, the hydrolysis of FDA was used to quantify this activity (21.6 ± 0.021 gFDA⋅mL −1 ). A few compounds of Biolog EcoPlates test were not used as carbon source: 3 carbohydrates, 1 amino acids, 2 carboxylic acids, 1 phenolic compound, and 2 polymers. Both the FDA hydrolysis and the Biolog EcoPlates analysis suggest that microbial populations have a high metabolic capacity. Thus, although the soil conditions limit the diversity of these samples, the present microorganisms are very active, explaining the soil fertility.
The CFU and MPN were used to estimate the cultivable microbial richness using different culture media. The highest bacterial counts were obtained with M9 medium (8. the literature for the bacterial recuperation by culture (10 8 to 10 10 bacterial per soil gram, [41] ). The bacterial population size was estimated to be 2.1 × 10 5 cell⋅(g soil) −1 by MPN. The soil microbial communities are usually described as presenting high heterogeneity, which is usually related to the soil physical-chemical characteristics [41] . The results suggest that the cultivable bacterial communities of the studied soil do not require specific or complex nutrients. The utilization of the specific Actinobacteria media revealed that this bacterial group was scarcely represented in the studied soil (Table 1) .
Bacterial Strains Isolation.
Fifty-six bacterial strains were successfully isolated (Table 3 ) from this sample using 7 different culture media. The phylogenetic analysis, based on 16S rRNA gene sequences, classified the isolated strains within 17 different OTUs (Figure 3 ). They were distributed into 3 classes: Bacilli (36 strains), Flavobacteria (2 strains), and Gammaproteobacteria (18 strains). According to their 16S rRNA gene sequences, these strains are similar to bacterial strains associated with human disease, like Bacillus, Serratia, Enterobacter, and Pantoea species, or associated with biocontrol agents such as Brevibacillus laterosporus, Chryseobacterium indoltheticum, and Pantoea ananatis. However, more studies are necessary to verify the real source of these microorganisms. In addition, populations similar to Bacillus amyloliquefaciens and Pseudomonas putida were also found. Such species are reported as natural antifungal agents, which also can metabolize nitrogen and enhance the fertility.
Taking into account that the recovery of cultivable bacteria is usually very low, we just obtained a little part of the total bacterial diversity. Besides even when we use a specific media, we are unable to isolate typical soil groups like Agrobacterium or Actinobacteria. This result may be influenced by the soil characteristics, such as the low and limited amount of organic matter and great quantity of sand (71%). The porosity and size of soil particles can produce constant shifts in the soil moisture, which does not allow growth or favors strong adhesion of microorganisms over particles [42] . Other factors that can inhibit or eliminate members of the original microflora are crop changes [43] , the concentration of sugar, the osmolarity, the water activity, the pH, and other environmental factors [44] [45] [46] [47] . If any of these changes occur naturally or anthropogenically, the microorganisms that can survive under these changes probably develop adaptive characteristics.
Characterization of CuONPs.
The method used to synthesize the CuONPs was the same described by Lanje et al. [38] , with the difference that we obtained spherical instead of rectangular NPs. The SEM and TEM micrographs show spherical shape. Differences in the morphology due to shift in temperature were reported for CuO nanorods synthesis by Gao et al. [48] . They obtained two different structures when the nanorods are synthetized at room temperature or 100 ∘ C. The particle sizes in SEM micrograph were in the range from 10 to 17 nm and the SEM-EDX profile indicated that the preparation did not contain synthesis waste and NPs composition is only of copper and oxygen ( Figures  4(a) and 4(b) ). Zhang et al. [49] reported that the initial concentration might affect the NPs formation. They propose the formation of nanoparticles in solution in two stages, first the generation of copper nuclei and then the growing up of these nuclei for the formation of NPs. When the reactant concentration is high the number of nuclei increases in the solution, consequently the NPs sizes are incremented resulting in agglomerates. UV-Vis spectra of the synthesized CuONPs showed the band-edge emission peak at 280 nm (Figure 4(c) ). We also used X-ray analysis to identify the crystalline phase; this analysis revealed the presence of CuO only (Figure 4(d) ).
Exposure of Bacterial Cells to CuONPs and ROS Generation.
We used a liquid microculture (200 L) for the screening of bacterial strains sensitive to CuONPs (Table 4) . Among twenty-one strains tested, eleven showed no resistance to CuONPs, while the strains CSR19A, CSL10A, and CSMB13A exhibited the highest resistances (17, 22.5 , and 25 mg⋅L −1 , resp.). Besides their sensibility to CuONPs exposition test and the originality for their use as toxicity model to the studied NP, we also considered their importance in the contribution in soil microbial community and biogeochemical cycles. Pseudomonas putida KT2440 T (NR 074596.1)
Chryseobacterium indoltheticum LMG 4025 ATCC27950 T (NR 042926.1)
CSA28 (2)
Staphylococcus hominis subsp. hominis The CSS8 (99% similarity to Brevibacillus laterosporus), CSA28 (99% similarity to Chryseobacterium indoltheticum), CSA34, and CSA35 (both with 99% similarity to Pantoea ananatis) were selected as bacterial models for the determination of damages caused by CuONPs. Their metabolic capacities are presented Table 2 . The CSS8 strain was capable to use 28/31 (except 2 phenolic compounds and 1 carboxylic acid); the CSA28 and CSA34 strains were able to use all carbon sources and the CSA35 strain degraded 30/31 substrates (except 2-hydroxy benzoic acid). These strains showed higher capacities for carbon source utilization than that observed for the whole bacterial community. This difference may be explained by the fact that bacterial expression depends on complex bacterial/bacterial interactions in microbial communities. The selected strains were individually exposed to CuONPs in phosphate buffer (25 mM, pH 7.4) and subsamples were observed by SEM. The SEM micrographs showed different kind of damage on the cell membrane in the 4 strains when they were exposed above 160 mg⋅L −1 of CuONPs. Changes on the shape were observed, from normal shape rod to bigger, stretched, and apparently empty cells and even to lysed cells (Figures 5(b) and 5(k) ). Other observed effects were the cavities and pits formation over cells membrane (Figures 5(e) and 5(h)). These modifications were not observed in control rod cells (not exposed to CuONPs) (Figures 5(a) , 5(d), 5(g), and 5(j)). Although the exact mechanisms of toxicity are not completely understood, it is probable that the toxicity generated by CuONPs on CSA28 and CSA34 strains is due to NPs solubilization that produce Cu 2+ ions. At low concentrations copper is a micronutrient essential for cell metabolism. It is required as a cofactor in multiple proteins, it takes part in redox reactions such as electron transport, oxidative respiration, or the denitrification process and, in some cases, it is also a structural element [50] . However, despite the critical role of Cu in a wide array of biological processes, the excess of Cu could be toxic [51] . We also observed the adhesion of Cu over cells membrane in the SEM-EDX profiles ( Figures 5(c) , 5(f), 5(i), and 5(l)) suggesting some interactions of Cu directly to the cell membrane. The CuONPs-cell interactions due to opposite electrical charges carry out a reduction reaction in the bacterial cell wall, which causes adhesion and bioactivity conducted by electrostatic forces [52] [53] [54] [55] . The wall cell of Gram-negative bacteria is made mainly of polysaccharides and the negative charge resulting from groups such as carboxylate, phosphate, hydroxyl, amine, and sulfhydryl has an important role as membrane active sites [56, 57] . The interactions of these groups with Cu 2+ ions produce denaturation and alteration of membrane proteins [58] .
Oxidative stress is normally used to evaluate the toxicity of several compounds including those caused by metallic nanoparticles [8] . Diverse reactive molecules can be produced during the oxidative stress such as nitric oxide (NO), peroxynitrite (ONOO − ), superoxide (O 2 •− ), hydrogen peroxide (H 2 O 2 ), hypochlorous acid (HOCl), and hydroxyl radical (OH • ). The fluorescent probe traditionally used to identify ROS is 2 ,7 -dichlorodihydrofluorescein diacetate (DCFH-DA), which reflects the overall oxidative status of the cell. CSM39  KM091676  CSL6  KM091677  CSL21  KM091678  CSM40  KM091679  CSM42  KM091680  CSL44  KM091681  CSY20  KM091682  CSM30  KM091683  CSM31  KM091684  CSA25  KM091685  CSA26  KM091686  CSL22  KM091687  CSA23  KM091688  CSY19  KM091689  CSL16  KM091690  CSS13  KM091691  CSM11  KM091692  CSS9  KM091693  CSS7  KM091694  CSM38  KM091695  CSM32  KM091696  CSA36  KM091697  CSM33  KM091698  CSM41  KM091699  CSMB12  KM091700  CSY1  KM091701  CSMB13B  KM091702  CSM4  KM091703  CSM5  KM091704  CSS12  KM091705  CSY17  KM091706  CSM18  KM091707  CSS15  KM091708  CSS14  KM091709  CSS8  KM091710  CSL43  KM091711  CSY5  KM091712  CSL10A  KM091713  CSM2  KM091714  CSM10  KM091715  CSMB13A  KM091716  CSY6A  KM091717  CSMB16  KM091718  CSMB14A  KM091719  CSY2  KM091720  CSY6B  KM091721  CSY7  KM091722  CSL11  KM091723  CSA35  KM091724  CSA34 KM091725 However, it is not applicable to individual ROS compounds detection. By using this compound, we did not observe any increase in the ROS production comparing the control strains (without NPs) with the strains exposed to CuONPs. In fact, a slight decrease in the ROS activities is observed for CSS8, CSA34, and CSA35 strains whereas for CSA28 strain the decrease is until 6-fold less ( Figure 6 ). Ours results are comparable to those obtained by Cui et al., [59] working with Escherichia coli and gold NPs (AuNPs). They found that the AuNPs did not induce increase in cellular ROS but, instead, led to a decrease after 4 h of exposition. Meanwhile there are same controversial results in the scientific literature about the mechanism of oxidative stress generated by NPs. For example, Dasari et al. [60] evaluated the toxicity mechanism of several NPs with E. coli. For titanium NPs (TiO 2 NPs) and zinc NPs (ZnONPs) they found an increase in the amount of ROS while for CuONPs and cobalt oxide NPs (Co 3 O 4 NPs) any effect was observed. In other work, Dimkpa et al. [53] evaluated the toxicity of commercial CuONPs in the pathogenic bacteria Pseudomonas chlororaphis O6. They observed an accumulation of intracellular ROS with concentrations higher to 500 ppm of CuONPs whereas lower concentrations did not induce ROS generation. Furthermore, several studies have reported the increased of ROS activities when cells are exposed to NPs, for example, Lee et al. [61] , Gunawan et al. [62] , and Rastogi et al. [63] . The ROS levels increment was produced when E. coli was exposed to CuONPs [62] and AgNPs [61] . Similar effects are shown for Staphylococcus aureus 49834, E. coli 25922, and Pseudomonas aeruginosa 27853 in presence of AgNPs [61, 63] .
It is known that denitrifying bacteria can produce NO endogenously as an intermediate from the sequential reaction of nitrate to dinitrogen [64] . The SEM micrographs of CSS8 and CSA35 strains show different damage generated from CuONPs such as membrane collapse, bleb formation, and cellular debris, leading to the loss of the bacterial membrane integrity, irreversible cell damage, or cell death ( Figure 5) . Considering that the model bacterial strains selected on this study are phylogenetically related to denitrifying bacteria, it is possible that the membrane damage observed by SEM could be caused by the presence of nitrogen reactive species such as nitric oxide (NO). In the case of our selected strains, the cytotoxicity could be associated with damage in proteins that use copper like cofactor such as nitrous oxide reductase (N 2 OR), nitric oxide reductase (NOR), and cytochrome C. These proteins are also involved in the denitrification process, resulting in overproduction of reactive nitrogen and oxygen species. Several reports have associated the presence of NPs with the increase of expression of these proteins and the malfunction of metal binding enzymes [65] . Besides, other reports analyzing the effect produced over the cell membrane by the exposition to NO in P. aeruginosa and E. coli strains [65] [66] [67] [68] [69] showed similar damage to those observed in this study. However, further studies are required to verify the cytotoxic mechanism.
Conclusions
Several pure culture studies have shown that the bacterial interaction with NPs may produce cytotoxicity in different parts of the cell, such as membrane disorganization, denaturation of thiol containing membrane proteins, DNA damage [70] [71] [72] , and oxidation beyond ROS production [25] . We showed here that CuONPs are very toxic for native soil bacteria. The CuONPs interaction with cell wall components modified cell morphology and affected the function of membrane proteins. We thus considered that the cytotoxicity against the model strains could be attributed mainly to oxide-reduction reactions over the cell membrane and the generation of nitrogen reactive species. These results point out that wild strains, like those isolated here, can indeed be affected by nanocontaminants. Thus, it is pivotal to intensify the studies on the damage and toxicity of nanomaterials to living cells and microbial communities in order to establish fair regulations for the discharge of NPs in the environment, directly or through the waste of products containing them.
